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Abstract
The development of innovative robotic devices allows the design of exoskeletons 
for robotic neurorehabilitation training. This paper presents the active exoskeleton 
called pneumatic interactive gait rehabilitation orthosis (P.I.G.R.O.), developed by 
the authors. The main innovative characteristic of this prototype is its design for fully 
unloaded robotic neurorehabilitation training, specific for brain-injured patients. It 
has six degrees of freedom (DOF) in the sagittal plane, an active ankle joint (remov-
able if it is required); a wide range of anthropometric regulations, both for men and 
for women; a useful human machine interface (HMI); and an innovative harness 
system for the patient for the unloaded training. It is realized using light and strong 
materials, and it is electropneumatically controlled. In particular the authors also stud-
ied and defined some innovative input control curves useful for the unloaded training. 
In this paper, the main characteristics and innovations of P.I.G.R.O. are presented.
Keywords: active exoskeletons for unloaded robotic neurorehabilitation training, 
exoskeletons electropneumatic controlled, pneumatic actuators,  
robotic rehabilitation, lower limb exoskeletons
1. Introduction
Numerous studies in motor learning and neurorehabilitation training use robots 
to guide the patient in specific movements, while the clinicians analyze the behavior 
of the human motor control using the results obtained.
In general, the robotic exoskeletons for rehabilitation can be passive devices or 
active devices, where electric or pneumatic motors are used on the human upper or 
lower limb joints [1–10].
The use of robotic devices improves the neurorehabilitation trainings, their 
duration, and number [1, 2]. Many of these devices, used for rehabilitation on lower 
limbs, work with a fixed station and use a treadmill; generally they have motors on 
the hip and knee joints [8, 9], while the ankle joint is free. In fact in the traditional 
Medical Robotics - New Achievements
2
neurorehabilitation training, the patient walks on a treadmill, and he is connected 
to a harness and counterweights to reduce the body weight [8].
Nowadays a rehabilitation robot simulates the pattern of the normal walking gait 
and leads the movement of each lower limb. It can also correct the gait pattern of 
hemiplegic patients, collecting all the data [9, 10]. In the robotic devices, the use of a 
treadmill allows repetitive and specific movements to be carried out, which can improve 
the work of the muscles and the coordination of the movement in the patients [1].
The advantage of using an active exoskeleton without a fixed station is the possi-
bility for the patient to move into the room, walking partially unloaded and helping 
by means of a body weight support. In this way, the proper perception of the space 
and the equilibrium of the patient can be analyzed and improved.
Otherwise a treatment with the patient completely unloaded avoids the activa-
tion of the antigravity musculature, and the effects of underwater treatments can 
be simulated.
Furthermore an unloaded training allows to increase, if it is necessary, some 
range of movement (ROM) of the joints, improving the stimulation of the motor 
cortex.
An unloaded training also allows to use different input control curves, if it is 
required by the clinicians, from the curves proper of the physiological gait cycle on 
the ground, carrying out special training studied for the patient’s disease or useful 
for motor learning studies with healthy volunteers.
Often the unloaded trial is important in the beginning of the neurorehabilitation 
training for starting the rehabilitation work with the patient [11, 12].
From the robotic and the bioengineering experience, developed in the 
Department of Mechanical and Aerospace Engineering (DIMEAS) of Politecnico di 
Torino (Italy), an innovative active exoskeleton for unloaded robotic neurorehabili-
tation training was developed by the authors. It is called pneumatic interactive gait 
rehabilitation orthosis (P.I.G.R.O.) [11–18]. It is called Pneumatic Interactive Gait 
Rehabilitation Orthosis (P.I.G.R.O.) [11–18] and its design is developed through the 
continuous co-operation of engineers and doctors, allowing the realization of a final 
prototype that was patented by the Politecnico di Torino [14]. Afterward a spin-off 
for an industrial process design of the prototype was established in May 2017. In 
June 2015, P.I.G.R.O. was selected as one of the five more interesting projects in the 
Soft Landing program, APAC Innovation Summit 2015 Series—Robotics—Hong 
Kong, June 22–27, 2015. Furthermore, in June 2017, during the 26th International 
Conference on Robotics in Alpe-Adria-Danube Region, RAAD2017, P.I.G.R.O. 
authors received the Gold Best Application Paper Award [18].
In this paper, the exoskeleton P.I.G.R.O. is presented, useful for completely 
unloaded training with adult patients (both women and men).
2. Materials and methods
Comparing P.I.G.R.O. with other exoskeletons [19–22], it is possible to underline 
the following considerations.
In [19] an innovative assistive rehabilitation strategy is proposed by means of a 
wearable exoskeleton used without a treadmill and a body weight support. Here the 
dynamic stability of the patient is obtained by means of an efficient real-time stiff-
ness adaptation for multiple joints (adaptive control system for assistive walking). 
In [20] an innovative robotic exoskeleton, designed as an ambulatory device, is pre-
sented and used during gait trainings on the ground. An adaptive strategy control 
is developed to guide the patient’s legs in a specific gait pattern. In [21] an adaptive 
control model, controlled by means of the user intention, is proposed using an 
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exoskeleton for lower limb. The study is particularly referred to spinal cord-injured 
patients. The aim of this assistive control device is the user gait initiation and assis-
tance in real time. This system was tested using a wearable exoskeleton: this shows 
the reliability of the control equipment in order to ensure the dynamic stability of 
the user. In [22] an interesting review about hybrid exoskeletons use to restore the 
gait cycle after a spinal cord injury is presented.
In comparison with the other exoskeletons, P.I.G.R.O. shows some different 
characteristics, as it was designed for fully unloaded training.
In Figure 1 some details of P.I.G.R.O. are shown.
An unloaded treatment is useful in the beginning of the neurorehabilitation 
program especially for brain-injured patients [12].
Through several experimental tests, the authors also studied and defined some 
specific control input curves in the system suitable for the unloaded training [17].
In particular P.I.G.R.O. is not a device for walking assistance. It is an active 
exoskeleton designed for robotic neurorehabilitation purpose, and it can be only 
used in specific rehabilitation centers by clinicians and never with the patient 
alone. Its main field of application is training for patient with brain lesions 
affecting motor circuits.
2.1 The structure and the main characteristics of P.I.G.R.O.
The authors analyzed several aspects during the design of this active exoskeleton 
for unloaded neurorehabilitation training, such as the kinds of trainings to do with 
the device; the possibility to work without a fixed station; a structure that is light, 
comfortable, flexible, easy, and quick to wear, and safe, with proper and wide 
anthropometric regulations, with a mass of about 30 kg; a proper and safe range 
of movement for each joint; an increased ROM in the ankle joint (possible if the 
patient is fully unloaded) useful for the motor cortex stimulation but removable 
if it is necessary; some flexibility of the structure in the frontal plane, in order to 
avoid a hard robotic gait cycle and to allow some movements of the patient’s pelvis 
and legs also in the frontal plane; the kind of actuation; the values of the torques in 
the joints lower than those required in the physiological walking on the ground; the 
control system (here an electropneumatic control system) with some input control 
curves studied by the authors for the unloaded training; a human machine inter-
face (HMI); a harness system to unload the patient; and an interface between the 
machine and the patient [12, 17].
All of these aspects were analyzed and solved, giving to P.I.G.R.O. own and 
useful characteristics.
Figure 1. 
(a) P.I.G.R.O. structure and (b) some P.I.G.R.O. details.
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Figure 3. 
A detail of an anthropometric regulation in P.I.G.R.O.
In particular P.I.G.R.O. includes the active exoskeleton (six DOF—degrees of 
freedom—in the sagittal plane with some possible little movements in the frontal 
plane too), moved using pneumatic cylinders and electropneumatic valves; a 
10-m-long cable, in which both the tubes for the compressed air and the electric 
wires for the other source are collocated; a fixed box, where the final part of the 
electropneumatic control is located; a PC and two monitors, one for the operator 
and the other for the patient’s biofeedback; and a movable compressor.
In order to allow some little movements of the patient’s pelvis in the frontal plane 
too during the training, P.I.G.R.O. legs were built in C72 steel and in aluminum 7075 
(Ergal) with a specific hardening treatment, giving to this exoskeleton a proper and 
useful flexibility.
Figure 2 shows the possible deformation in a part of a P.I.G.R.O. leg.
The elements with movement (for the anthropometric regulation of femur and 
tibia length) have some Turcite© parts interposed in order to reduce the friction.
2.2 P.I.G.R.O. range of movement and anthropometric regulations
The range of movement in P.I.G.R.O. has 40° for the hip joint (from −20° to 
+20°), 60° for the knee joint (from 0° to 60°), and 40° for the ankle joint (from −25° 
to 15°). This last ROM is increased, in comparison with the range of the physiologi-
cal walking on the ground, in order to improve the motor cortex stimulation during 
the unloaded training.
P.I.G.R.O. anthropometric regulations are between the 10%ile woman and 
95%ile man [18], with a variation of the pelvis width from 300 mm, in the 10%ile 
woman, to 650 mm in the 95%ile man. The femur length varies from 370 mm, 
in the 10%ile woman, to 500 mm in the 95%ile man, and the tibia length varies 
from 360 mm, in the 10%ile woman, to 500 mm in the 95%ile man [23, 24]. These 
Figure 2. 
A detail of the P.I.G.R.O. leg flexibility.
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anthropometric regulations are done manually by the operator before the beginning 
of the trial. These regulations are obtained as the femur and the tibia of P.I.G.R.O. 
are both made of two rigid parts having a related movement, allowing the adjust-
ment of the length required. Some Turcite© parts were interposed to reduce the 
friction. Figure 3 shows a detail of an anthropometric regulation in P.I.G.R.O.
2.3 The pelvis regulation system design
On the back of the patient, P.I.G.R.O. has an adjustable structure, to which 
the two legs of the exoskeleton are connected, which allows the pelvis width to be 
regulated.
This structure has two screws, with one electric motor through which it is pos-
sible to increase or to decrease the pelvis width.
The movement can be conducted using a fast or a slow speed, selecting two dif-
ferent buttons. To this structure, the two legs of P.I.G.R.O. are connected, and two 
rigid bars, used also to guide the movement of the screws, are inside the structure 
and give it a strong rigid structure.
The geometry was obtained after several studies on various configurations, 
in order to design a system that allows a wide pelvis width regulation, that gives a 
proper speed during the pelvis width adjustment, that gives a strong support for 
P.I.G.R.O. legs, that provides two lateral supports through which the therapist can 
stabilize the patient’s vertical position during the training, and that improves the 
wearability of P.I.G.R.O.
3. P.I.G.R.O. electropneumatic actuation design
In P.I.G.R.O. each joint is actuated by means of pneumatic cylinders.
In particular the choice of pneumatic actuators is due to the advantages existing 
in the compressed air, such as a soft and comfortable way of driving the patient’s 
legs, an easy regulation of the forces during the training, and a safe and clean kind 
of actuation, useful for hospital applications.
Figure 4 shows some details of the P.I.G.R.O. structure (Figure 4a) and of the 
P.I.G.R.O. activation design (Figure 4b and c).
Figure 4b shows a detail about the connection of the pneumatic cylinders in the 
hip and knee joints.
Figure 4. 
(a) P.I.G.R.O. complete structure, (b) a detail of the pneumatic cylinder connection, and (c) P.I.G.R.O. hip, 
knee, and ankle joints activation design.
Medical Robotics - New Achievements
6
In Figure 4c the pneumatic activation of each joint of one leg of P.I.G.R.O. is 
shown. In particular an agonistic-antagonistic configuration, using cross-connected 
chambers, is used to connect the pneumatic cylinders of the hip and of knee joints.
This agonistic-antagonistic structure allows to have a proper surface for the 
actuator action, reduces the encumbrance of the system, if it is compared with the 
solution obtained with a single actuator in each joint, and gives a more equilibrated 
force in both directions of the movement of each cylinder. The ankle joint uses only 
one pneumatic actuator, when an unloaded training is carried out.
All of the movable elements are covered by means of proper protective caps for 
safety.
The pneumatic cylinders in P.I.G.R.O. are as follows: hip actuators bore 40 mm 
stroke 24 mm, knee actuators bore 40 mm stroke 35 mm, and ankle actuators bore 
32 mm stroke 40 mm. With the maximum supply pressure (6 × 105 Pa = 6 bar then 
used in the next text), the torque values for each joint are equal to hip joint, 45 Nm; 
knee joint, 45 Nm; and ankle joint, 25 Nm. These values are useful for the unloaded 
walking [17, 18].
In particular the evolution of the torque in each joint was evaluated versus the 
angle joint, observing a constant trend with a defined supply pressure.
Overall P.I.G.R.O. pneumatic actuation has also n.° 32 2/2 electropneumatic 
valves to control the cylinders. These valves are normally open and normally closed 
in order to realize a PID-PWM control system. The number of the electropneumatic 
valves was chosen in order to have a right conductance for the flow. Two electronic 
pressure regulators, put in the fixed box, allow the setting of the supply pressure 
value from the monitor of the operator.
Some more details on the electropneumatic circuit will be explained in the 
paragraph of the control system.
4.  P.I.G.R.O. electropneumatic control system and the input  
control curves
The hardware of the control system has two main parts: a fixed control box with 
a PC, a keyboard, two monitors (one for the operator and the other for the patient’s 
biofeedback), and a complementary equipment made of an onboard real-time 
control system with also the electropneumatic valves and the sensors.
In the fixed box, there is one card for the control and the data acquisition, as well 
as some electropneumatic valves for the P.I.G.R.O. pneumatic supply and emer-
gency circuit. The onboard part has two cards, for the control and the data acquisi-
tion and for their transmission to the fixed box, the electropneumatic valves for the 
movement of the cylinders.
Some details of the electropneumatic control circuit of P.I.G.R.O. are shown in 
Figure 5.
As shown in Figure 5, P.I.G.R.O. has onboard n.° 10 pneumatic actuators; n.° 
32 2/2 electropneumatic valves for the supply and for the vent of the actuators; 
n.° 12 pneumatic sensors, one for each cross-connected chamber of the actuators; 
and n.° 6 position sensors, one for each joint of each leg. The supply pressure in the 
actuators of the right and left legs can also be different during the test, and it can be 
increased or decreased, depending on what the training requires.
On the PC, a proper software for the control of the whole system and for the 
acquisition/analysis of the data is installed.
The realization and the configuration of the P.I.G.R.O. control system were car-
ried out with the following steps.
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4.1 The definition of the reference system
In order to control properly the movement of each joint, a reference system 
for the P.I.G.R.O. legs joints is established, as shown in Figure 6. In particular, in 
Figure 6 the reference system is referred to the right leg, seen in the sagittal plane 
from an external point of view. In P.I.G.R.O. it is possible to use various kinds of 
input control curves (required by the doctors) and, if it is necessary, different input 
control curves for the right and left leg.
4.2  The study and the definition of the input control curves useful for the 
unloaded training
The curves of a physiological gait cycle on the ground were analyzed and studied 
by the authors. As in this step, P.I.G.R.O. is designed for a completely unloaded 
training; several tests were carried out by the authors in order to define some input 
control curves suitable for this application [17].
In Figure 7(a) and (b), the curves of the physiological walking on the ground 
(a) and the curves defined by the authors for the unloaded walking (b) are shown. 
In Figure 7(a) some red circles illustrate the main points of the difference between 
the physiological and the unloaded curves, such as the points where the contact 
between the foot and the ground occurs (points absent in the unloaded walking); 
the shape in some parts of the joints curves; the ROM of the ankle joint, increased 
for the unloaded walking; and some variations in the increasing/decreasing trend of 
the hip-knee-ankle angle joint curves [17].
The curves of Figure 7(b) reproduce the human gait cycle in a fully unloaded 
condition and allow a proper treatment of the patient during this rehabilitation 
step. Some experimental tests carried out controlling P.I.G.R.O. with these curves 
defined for the unloaded walking show their reliability.
Figure 5. 
P.I.G.R.O. electropneumatic system onboard, with the electropneumatic valves and with the sensors. A = hip 
extension; B = hip flexion; C = knee flexion; D = knee extension; E = ankle plantarflexion; F = ankle 
dorsiflexion; in magenta = potentiometers; in green = pressure transducers.
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4.3 The definition of the structure of the P.I.G.R.O. control system for each joint
The control of P.I.G.R.O. is a real-time position control with a close loop for each 
joint, where a control subsystem was designed made of a PID-PWM control posi-
tion structure, as shown in Figure 8.
Figure 6. 
P.I.G.R.O. main reference system.
Figure 7. 
(a) Curves of the physiological walking on the ground and (b) authors’ unloaded walking set curves  
(AUWS) [17].
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The input signal in each subsystem is the control curves selected and then 
compared with the position sensor signals (feedback) generating the “error.”
The error is properly treated in order to control the electropneumatic valves.
The error sign establishes which types of electropneumatic valves (supply valves 
or discharge valves) have to be activated for the flexion or the extension of the joint.
The output signal of the PID controller is the input signal for the PWM part of 
the control system.
4.4 The definition of the parameters of the PWM and PID controller
The configuration of P.I.G.R.O. control system was carried out with a lot of 
experimental tests, done with a preliminary prototype of a single joint with two 
pneumatic actuators built with an agonistic-antagonistic structure, using cross-
connected chambers and some masses to simulate the load.
Then other tests were done with a first prototype of P.I.G.R.O. made of a single 
leg, in particular the right leg, carrying out tests changing PWM carrier wave 
frequency, PID gains, tube diameters, and the number of the electropneumatic 
valves.
Finally the tests on the whole complete P.I.G.R.O. structure were carried out 
establishing the final configuration of the control system.
All of these tests allowed to establish the number of the electropneumatic valves 
(Figure 5) useful for a right control of the actuators, the tube diameters, and the 
parameters of the PID-PWM controller.
In particular the PWM characteristics were defined by varying the PWM carrier 
wave frequency and looking for its optimum values (Figure 9a and b).
The study was carried out using the exoskeleton with some healthy subjects, 
analyzing the effect of the carrier wave frequency values on the hip-knee-ankle 
Figure 8. 
P.I.G.R.O. control structure for each lower limb joint.
Figure 9. 
Tests on the hip joint, varying the PWM carrier wave frequency (female subject with a body mass of 
58 kg; supply pressure, 6 bar; (a) PWM carrier wave frequency = 10 Hz and (b) PWM carrier wave 
frequency = 50 Hz).
Medical Robotics - New Achievements
10
joint curves versus time, in comparison with the input trajectories. In this way, the 
optimum value for this frequency was defined.
In this step, the PID controller gains were not varied. As can be seen in 
Figure 9a, for the hip joint, for example, a low carrier wave frequency limits the 
actuator strokes and causes some oscillations in the subject curve.
On the other hand, a too much high carrier wave frequency (Figure 9b) 
improves the movement of the cylinders, but the subject’s curve becomes less stable, 
and the oscillations increase.
After several experimental tests with healthy female and male volunteers, the 
optimum values of the PWM carrier wave frequency were defined for the hip-knee-
ankle joints, obtaining a proper and stable movement of the actuators [11].
Then, the optimum values for the PID controller gains were investigated, 
testing the exoskeleton with healthy male/female subjects, with different body 
masses [11].
The PID controller gains are obtained, analyzing the kp proportional compo-
nent, the ki integrative component (here always equal to zero), and the kd deriva-
tive component. Often these gains have different numerical values for the various 
parts of the input joint curves (initial, middle, and final part [17]).
The tests carried out allow to define the numerical values for the PID controller 
gains, which are values for subjects with body mass from 50 to 70 kg and values 
for subjects with body mass from 70 to 100 kg. In the beginning of the training, 
these PID controller gains are automatically selected by the software, as in the 
input data of the software; the patient’s body mass is always required before the 
start of the trial.
In particular in the PID controller, the optimum values of the various compo-
nents are defined as follows.
4.4.1 Proportional component (kp)
This component gives more or less reaction in the response of the system, so the 
authors used this component with different values in the various parts of each joint 
input control curves (i.e., hip-knee-ankle joints). The value of kp is higher when 
the inclination of the curve is higher. In particular the meaning of the kp in the 
parts of the curves of each joint is hip joint (increasing part of the hip input control 
curve kp_Ah, decreasing part of the hip input control curve kp_Al, constant part of 
the hip input control curve kp_Avl), knee joint (increasing and decreasing part of 
the knee input control curve kp_Gh, constant part of the knee input control curve 
kp_Gl), and ankle joint (increasing part of the ankle input control curve kp_Cl; 
decreasing part of the ankle input control curve kp_Ch).
4.4.2 Integrative component (ki)
In this system ki is always equal to zero because it can produce a block of the 
joint due to a saturation condition in the control.
4.4.3 Derivative component (kd)
kd increases the speed of the response of the system, but it can produce some 
oscillations. The authors decided to use for it a constant value for each curve (kd_A 
for the hip curve, kg_G for the knee curve, kd_C for the ankle curve). This value 
was then increased slowly till reaching a proper functioning of the system.
Figure 10 show the use of some PID controller components in the hip-knee-
ankle joint curves.
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5. The human machine interface of P.I.G.R.O.
P.I.G.R.O. has a useful human machine interface, which was properly developed. 
In particular there are two monitors, one for the operator and the other one for the 
patient’s biofeedback.
In the human machine interface of P.I.G.R.O., it is possible to create and to save a 
file for each patient with all the patient’s parameters; to start or to stop the system at 
the end of the training or during the training, if it is necessary; to change the input 
control curves, selecting them from a database created under the Doctors require-
ments; to show and to save the graphs obtained; to change the pressure in each leg, 
in the beginning of the training or during it; to save the time when this variation is 
done; and to have a proper biofeedback for the patient.
In particular, in the monitor for the operator (Figure 11), the behavior of the 
three joints of each leg (hip, knee, and ankle joint) can be analyzed during the trial 
by the clinicians. The graphs on the operator monitor can be saved.
In the panel of the operator, there are various buttons used to regulate the 
pressure in each leg independently and to stop the system at the end of the training, 
during the training, or in a possible emergency situation.
The supply pressure can be changed and its value in the two legs of P.I.G.R.O. 
can be different or equal, as the doctors require.
In fact a different value of pressure in the two legs of P.I.G.R.O. can be useful 
when the patient’s pathology gives an asymmetric condition between the right and 
the left part of his body.
The time when the supply pressure is changed during the training can be 
saved.
Through the monitor for the operator, the duration of the whole training or of 
one part of the training can be registered and saved. In the program elaborated 
for P.I.G.R.O., there is the possibility to stop the patient’s leg movement during the 
Figure 10. 
Details of some components of the PID controller referred to the hip (a) knee, (b) ankle, and (c) input control 
curves defined by the authors for the unloaded walking [17].
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training, closing the vent valves ports of all the actuators and having a pressure level 
in all the chambers of the actuators.
The possibility to stop the patient’s legs in a specific position is useful for the 
doctors to investigate the cognitive status of the patient, for example, asking him 
the position of one or both of the stopped legs.
The patient’s biofeedback has a monitor and the possibility of selecting one joint 
for one leg or the same two joints of the two legs.
In particular the biofeedback monitor shows, for each joint, that the patient’s 
curve is within a certain range, if he is performing well.
P.I.G.R.O. has three emergency buttons: one on the monitor (for the operator), 
one on the fixed box (for the operator), and one to put in the hand of the patient.
During an emergency situation, all the electropneumatic valves of P.I.G.R.O. are 
switched to a vent configuration, with the possibility to immediately discharge all 
of the chambers of the actuators.
In this way, the patient can move autonomously his legs, while the training is 
immediately stopped.
Furthermore, the program allows to save all the data in files capable of being 
elaborated using many types of software.
6. The harness system for the patient and the textile corset of P.I.G.R.O.
As in this step of the research, P.I.G.R.O. is designed and used in unloaded train-
ing; a comfortable harness system for the patient was studied by the authors.
In fact, during the unloaded training, the patient is suspended by means of a 
harness system connected to the body weight support.
The exoskeleton P.I.G.R.O. is also connected to the body weight support by 
means of some proper belts and wore by the patient.
Figure 12 shows the harness system for the unloaded training.
Figure 11. 
Some details of the HMI of P.I.G.R.O.
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P.I.G.R.O. harness system supports a wide range of regulations and two specific 
configurations, one for men and the other for women.
This system was obtained after several studies on suspended people devices, in 
order to define the best design for the unloaded training done with P.I.G.R.O.
Its main characteristics are very comfortable and easy to wear; capable of sus-
pending the patient in a vertical position, with the legs vertically extended; a proper 
and wide possibility of movement of the patient’s legs during the unloaded training; 
and a construction made with safe and washable materials.
This harness system is partly made of textile parts, which are connected together 
by means of rigid rings, and some elements, filled of soft material, were also 
designed to improve the contact between the patient and the harness system and to 
avoid any pain for him.
In particular to define the best geometry of this harness system, a lot of consid-
erations were done on the harness configuration in the hip joint area (Figure 12), 
where some differences from woman to man have to be foreseen, and the harness 
configuration on the patient’s venter-groin-back area in order to obtain a very 
comfortable and safe design.
The purpose of this device is to sustain the patient in a vertical position for a trail 
duration of about 1 h, without any pain perception, which can reduce the benefit of 
the treatment and can cause irregularity in the movement during the trial.
A textile corset (Figure 13) was also studied to connect P.I.G.R.O. to the chest of 
the patient.
The choice of textile structures gives wear ability and comfort to the system, as 
these materials allow to adapt the device easily to men and to women from 10%ile 
Figure 12. 
P.I.G.R.O. patient harness system for unloaded training.
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Italian woman to 95% Italian man. Furthermore a textile structure is safe and 
comfortable for the patient, as it avoids him any contact with rigid parts during the 
rehabilitation training.
This textile corset is somewhat regulated using an efficient system of straps 
sewed on the textile surface. The system makes it very wearable for patients with 
different body shapes.
In Figure 13 some details were shown. Two lateral rigid elements, inserted in the 
external part of the textile corset, allow to connect it to the P.I.G.R.O. structure.
These two rigid parts can be connected or disconnected to P.I.G.R.O. legs by 
means of a proper lock device that allows a very quick and safe connection/discon-
nection, also if an emergency situation occurs.
7. Procedure defined to wear P.I.G.R.O. on the patient
The authors also defined a proper procedure to wear P.I.G.R.O. on the patient, 
verifying the wear ability and the comfort of the system and the possibility to wear 
P.I.G.R.O. on the patient in a short time.
The main steps of this procedure are measure on the distances between hip-knee 
and knee-ankle of the patient and the pelvic width in order to do the anthropomet-
ric regulations in the P.I.G.R.O. structure; insert these measures in the P.I.G.R.O. 
software, together with the patient’s weight and the patient’s data; wear the harness 
system on the patient; wear P.I.G.R.O. on the patient; verify all the system; and then 
unload the patient and P.I.G.R.O. using the body weight support.
In Figure 14 a detail for the right use of the patient’s harness system is shown: 
the unloaded walking training requires a proper vertical position of the patient.
In particular P.I.G.R.O. ankle joint has also a proper support for the patient’s foot.
To guarantee that the patient’s foot remains in a horizontal plane, the authors 
designed two screws, put in the inside part of the two P.I.G.R.O. legs, connected 
between the tibia blade and the foot support.
The regulation of these screws allow to have a right posture of the patient’s feet 
during the unloaded walking cycle.
In Figure 15 some details of this system and of its regulation were shown.
The average time to wear P.I.G.R.O. on a patient is about 20 min.
As the study is still in progress, the authors do not explain in this phase of the 
research more details on the tests carried out and the results obtained.
Figure 13. 
Textile corset, used to connect the patient to P.I.G.R.O.
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8. Conclusions
This article illustrates the structure and the main and innovative characteristics 
of P.I.G.R.O., an active electropneumatically controlled exoskeleton for unloaded 
robotic neurorehabilitation training. It is constructed to work without a fixed sta-
tion, as this procedure is useful in the beginning of the trial to avoid the activation 
of the antigravity musculature.
P.I.G.R.O. has a real-time position control.
A useful human machine interface was developed: it allows P.I.G.R.O. to be 
easily used. It is possible to insert, to acquire, to save the patient’s data, to carry out 
properly and safely various kinds of training, and to analyze the data. An innova-
tive, useful, and comfortable harness system for the patients’ unloaded training was 
studied and developed.
The preliminary tests show the reliability and the importance of this active 
exoskeleton that is also easy to wear.
In the future, the study of P.I.G.R.O. used in a walking training on the ground 
will be carried out, and some more experimental tests will be conducted in order to 
understand other possible improvements of this exoskeleton.
Figure 14. 
Some details of the right position of the suspended patient for the unloaded training.
Figure 15. 
(a) Screw inside each leg of P.I.G.R.O. to support the rigid part for the patient foot and (b) some details of 
regulation of this screw.
Medical Robotics - New Achievements
16
Acknowledgements
The work presented in this paper was financed, with funding from the 
Compagnia di San Paolo project, “Active exoskeleton for the functional gait 
rehabilitation of paretic patients,” and with funding from the Piedmont regional 
administration project, entitled “Validation of a method for gait rehabilitation for 
paretic patients using an active orthosis” (2006–2008).
Conflicts of interest
The Authors declare no conflict of interest.
Thanks
Authors would like to thank the Puzzle Rehabilitation Center, Turin (Italy), for 
providing brain injury information, and Engrs. P. Bois, G. Castorina, A. Genta, 
Y. Han, G. Perricelli, F. Racca, and G. Viano for their help during this study.
17
An Active Exoskeleton Called P.I.G.R.O. Designed for Unloaded Robotic Neurorehabilitation…
DOI: http://dx.doi.org/10.5772/intechopen.90075
Author details
Guido Belforte1,2, Terenziano Raparelli3, Gabriella Eula3*, Silvia Sirolli2, 
Silvia Appendino4, Giuliano Carlo Geminiani5,6, Elisabetta Geda7, Marina Zettin8,9, 
Roberta Virgilio8 and Katiuscia Sacco5,6
1 Former of Department of Mechanical and Aerospace Engineering, Politecnico di 
Torino, Torino, Italy
2 “NIMBLE ROBOTICS”—Spin Off of Politecnico di Torino, Torino, Italy
3 Department of Mechanical and Aerospace Engineering, Politecnico di Torino, 
Torino, Italy
4 Department of Applied Science and Technology, Politecnico di Torino, Torino, 
Italy
5 Imaging and Plasticity Research Group at Department of Psychology, University 
of Turin, Torino, Italy
6 Neuroscience Institute of Turin, Torino, Italy
7 Istituto Delle Riabilitazioni Riba-IRR, Torino, Italy
8 Puzzle Rehabilitation Center for Brain Injury, Torino, Italy
9 Department of Psychology, University of Turin, Torino, Italy
*Address all correspondence to: gabriella.eula@polito.it
© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
18
Medical Robotics - New Achievements
[1] Riener R, Lunenburger L, 
Colombo G. Human-centered robotics 
applied to gait training and assessment. 
Journal of Rehabilitation Research and 
Development. 2006;43:679-694. DOI: 
10.1682/JRRD.2005.02.0046
[2] Wolbrecht ET, Chan V, 
Reinkensmeyer DJ, Bobrow JE.  
Optimizing compliant, model-
base robotic assistance to promote 
neurorehabilitation. IEEE Transactions 
on Neural Systems and Rehabilitation 
Engineering. 2008;16:286-297. DOI: 
10.1109/tnsre.2008.918389
[3] Huang VS, Krakauer JW. Robotic 
neurorehabilitation: A computational 
motor learning perspective. 
Journal of Neuroengineering and 
Rehabilitation. 2009;6:1-13. DOI: 
10.1186/1743-0003-6-5
[4] Roy A, Krebs HI, Williams DJ, 
Bever CT, Forrester LW, Macko RM, 
et al. Robot-aided neurorehabilitation: 
A novel robot for ankle rehabilitation. 
IEEE Transactions on Robotics. 
2009;25:569-582. DOI: 10.1109/
TRO.2009.2019783
[5] Baker R. Gait analysis methods 
in rehabilitation. Journal 
of Neuroengineering and 
Rehabilitation. 2006;3:1-10. DOI: 
10.1186/1743-0003-3-4
[6] Reinkensmeyer J, Dietz V, editors. 
Neurorehabilitation Technology. 
2nd ed. Springer; 2016. 929 p. DOI: 
10.1007/978-3-319-28603-7
[7] Dollar AM, Herr H. Lower extremity 
exoskeletons and active orthoses: 
Challenges and state-of-the-art. IEEE 
Transactions on Robotics. 2008;24:144-
158. DOI: 10.1109/TRO.2008.915453
[8] Jezernik S, Colombo G, Keller T, 
Frueh H, Morari M. Robotic orthosis 
Lokomat: A rehabilitation and research 
tool. International Neuromodulation 
Society. 2003;6:108-115. DOI: 
10.1046/j.1525-1403.2003.03017.x
[9] Krebs HI, Volpe BT, Aisen ML, 
Hogan N. Robotic applications in 
neuromotor rehabilitation. Topics 
in Spinal Cord Injury Rehabilitation. 
1999;5:50-63. DOI: 10.1017/
S0263574702004587
[10] Muro-de-la-Herran A,  
Garcia-Zapirain B, Mendez-Zorrilla A. 
Gait analysis methods: An overview of 
wearable and non-wearable systems, 
highlighting clinical applications. 
Sensors. 2014;14:3362-3394. DOI: 
10.3390/s140203362
[11] Belforte G, Eula G, Appendino S, 
Sirolli S. Pneumatic interactive gait 
rehabilitation orthosis: Design and 
preliminary testing. Proceedings of the 
Institution of Mechanical Engineers, 
Part H. 2011;225:158-169. DOI: 
10.1243/09544119JEIM803
[12] Sacco K, Cauda F, Duca S, 
Belforte G, Eula G, Gastaldi L, et al. A 
combined robotic and cognitive training 
for locomotor rehabilitation: Evidences 
of cerebral functional reorganization 
in two chronic traumatic brain 
injured patients. Frontiers in Human 
Neuroscience. 2011;5:1-9. DOI: 10.3389/
fnhum.2011.00146
[13] Geda E, D’agata F, Geminiani G, 
Cauda F, Duca S, Zettin M, et al. Motor 
attention in procedural learning: 
Behavioral and cerebral changes. In: 
AISC 2011, Proceedings of the 8th 
Congress “Tecnologia, Scienze Umane 
e Scienze Della Salute”; 26-28 May Riva 
del Garda, Italy. Associazione Italiana 
Scienze Cognitive; 2011. pp. 111-115
[14] Belforte G, Eula G, Appendino S, 
Geminiani GC, Zettin M. Active 
orthosis for the motion neurological 
rehabilitation of lower limbs, system 
References
19
An Active Exoskeleton Called P.I.G.R.O. Designed for Unloaded Robotic Neurorehabilitation…
DOI: http://dx.doi.org/10.5772/intechopen.90075
comprising such orthosis and process 
for operating such system. Patent EP 2 
825 146 B1
[15] Belforte G, Eula G, Sirolli S, Bois P, 
Geda E, D’Agata F, et al. Bra.Di.P.O. 
and P.I.G.R.O.: Innovative devices for 
motor learning programs. Journal 
of Robotics. 2014;2014:1-12. DOI: 
10.1155/2014/656029
[16] Belforte G, Eula G, Ivanov A, 
Raparelli T, Sirolli S, Geminiani GC, et al. 
Rehabilitation and pneumatics for smart 
quality of life (SQOL) at Politecnico di 
Torino. In: Wheelchair Design Workshop. 
Tokyo, Japan. 2013. pp. 1-10
[17] Belforte G, Eula G, Sirolli S, 
Appendino S, Geda E, Geminiani G, 
et al. Control curves for a new lower 
limbs robotic exoskeleton obtained from 
the study of joints angles during an 
unloaded human walking. International 
Journal of Mechanics and Control. 
2017;18:3-14
[18] Sacco K, Belforte G, Eula G, 
Raparelli T, Sirolli S, Geda E, et al. 
An active exoskeleton for robotic 
neurorehabilitation training driven 
by an electro-pneumatic control. In: 
Proceedings of the 26th International 
Conference on Robotics in Alpe-Adria-
Danube Region RAAD2017; 21-23 June 
2017; Politecnico di Torino, Torino, 
Italy. Advances in Service and Industrial 
Robotics—Springer; 2017. pp. 1-8
[19] Rajasekaran V, Aranda J, 
Casals A. Adaptive walking assistance 
based on human-orthosis interaction. 
In: 2015 IEEE/RSJ International 
Conference on Intelligent Robots and 
Systems (IROS); 28 September – 2 
October 2015; Hamburg, Germany. 
IEEE; 2015. pp. 6190-6195
[20] Bortole M, del-Ama A, Rocon E, 
Moreno JC, Brunetti F, Pons JL. A robotic 
exoskeleton for overground gait 
rehabilitation. In: Proceedings—IEEE 
International Conference on Robotics 
and Automation (ICRA); 6-10 May 
2013; Karlsruhe, Germany. IEEE; 2013. 
pp. 3356-3361
[21] Rajasekaran V, Lopez-Larras E, 
Trincado-Alonso F, Aranda J, 
Montesano L, del-Ama AJ, et al. 
Volition-adaptive control for gait 
training using wearable exoskeleton: 
Preliminary tests with incomplete spinal 
cord injury individuals. Journal of 
Neuroengineering and Rehabilitation. 
2018;15:1-15. DOI: 10.1186/
s12984-017-0345-8.
[22] del-Ama AJ, Koutsou AD, 
Moreno JC, de-los-Reyes A, 
Gil-Agudo A, Pons JL. Review of hybrid 
exoskeletons to restore gait following 
spinal cord injury. (JRRD)—Journal 
of Rehabilitation Research and 
Development. 2012;49:497-514. DOI: 
10.1682/JRRD.2011.03.0043
[23] UNI EN ISO 7250-1:2010: 
Basic human body measurements 
for technological design—Part 1: 
Body measurement definitions and 
landmarks
[24] UNI EN ISO/TR 7250-2:2011: 
Basic human body measurements for 
technological design—Part 2: Statistical 
summaries of body measurements from 
individual ISO populations
